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in Ti-Nb Alloys
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D. ZANDER, D.L. OLSON, and D. ELIEZER

Alloying of Ti-based alloys with hydrogen is used to modify the microstructure and improve mechanical
properties. In this study, hydrogen charging was performed electrochemically in a 2:1 glycerin-
phosphoric acid electrolyte at high fugacities. This research investigated in detail, by means of X-ray
diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM), thermal
desorption spectroscopy (TDS), and microhardness tests, the influence of hydrogen at high fugaci-
ties on the phase stability, desorption behavior, and microhardness in Ti-Nb (20 to 45 wt pct Nb)
alloys before and after deformation. Hydrogenation of Ti-Nb was found to exhibit a significant
effect on the phase stability as well as the microhardness of Ti-Nb alloys. Hydrogenation of
Ti-20 wt pct Nb led to precipitation of (Ti,Nb)H, in the metastable ' matrix. In Ti-Nb alloys with
40 or 45 wt pct niobium, hydrogen stabilized the bcc B phase, but destabilized the hcp  phase.
With increasing hydrogen content, an expansion of the lattice constant of the 8 phase occurred,
followed by the formation of (Ti,Nb)H, . The influence of hydrogen on the microhardness of
Ti-40 wt pct Nb and Ti-45 wt pct Nb shows only a minor effect, whereas Ti-20 wt pct Nb exhibits
significant softening in response to hydrogen charging up to 3000 ppm. The TDS showed that deu-
terium desorption strongly depends on the niobium content and the deformation treatment prior to or
after charging. The observed results should provide further insight on the mutual effects and the result-
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I. INTRODUCTION

THE wide spectrum for application of titanium and its
alloys has necessitated adjusting their mechanical properties
to the appropriate structural needs. The microstructure of e-and
B-type titanium alloys has a dominating influence on the tensile
strength, fatigue properties, and fracture toughness. Histori-
cally, thermomechanical processing and heat treatment were
used to control microstructural properties in titanium alloys,")
but more recently, thermochemical processing (TCP)!>*! has
become the more important technique in improving process-
ing, as well as the mechanical properties of these alloys.

The design of Ti-based alloys can be made more efficient
through the use of hydrogen as a temporary alloying element,
since both manufacturing temperatures and stresses can be
decreased. Early work using hydrogen-assisted processing in
Ti-based alloys demonstrated that hydrogen could lead to
improved workability.[®”8] Titanium and conventional
Ti-based alloys have a high solubility for hydrogen. The Ti-H
system is of a eutectoid type and consists of several hydride
phases of the hcp a phase and the bee B phase: two inter-
stitial solid solutions of hydrogen based on the allotropic
a and B forms of pure titanium.! The B-titanium alloys have
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ing micromechanism of hydrogenation and deformation in Ti-Nb alloys.

even lower activity values than commercially pure titanium
and a consequently higher hydrogen solubility.””) In addition,
in refractory metals or alloys, hydrogen has a large poten-
tial to promote superplasticity. It is also known that in bec
metals, e.g., in iron,'” hydrogen enhances plasticity at tem-
peratures between 200 and 300 K, because segregation of
hydrogen at dislocations lowers their stress field.
Ti-Nb alloys have been produced for use in, e.g., the aero-
space industry, nuclear industry, and for superconducting
applications. New developments are going in the direction
of medical applications, e.g., as surgical implants, because
of their good mechanical and chemical properties. Until now,
some work has been conducted on the processing and mechan-
ical behavior of Ti-Nb alloys, but very few results are known
about the nonequilibrium conditions of phase transformations
in Ti-Nb alloys due to hydrogen charging at high fugacities.
Popov et al.l'"1? reported that gaseous hydrogenation at
800 °C leads to considerable changes in the stability range
of the different phases, and they published a metastable phase
diagram of quenched Ti-Nb-H alloys containing up to 33 at.
pct niobium and up to 25 at. pct hydrogen. In the same study,
the authors also noted that stabilization of a metastable
B phase could be achieved with a hydrogen content above
10 at. pct. The purpose of our present research is to investi-
gate the hydrogenation/deformation aspects of TCP in Ti-Nb
alloys in detail: the influence of hydrogen on phase stabil-
ity, thermal desorption, and microhardness; and the influence
of hydrogen on thermal desorption prior to or after defor-
mation in sintered Ti-20 wt pct Nb and Ti-40 wt pct Nb alloys
as well as in commercial Ti-45 wt pct Nb. '

1. EXPERIMENTAL PROCEDURE

«

The investigations were performed on sintered
Ti-20 wt pet Nb and Ti-40 wt pct Nb alloys as well as on
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a commercial Ti-45 wt pct Nb alloy. The consolidation
process for the sintered Ti-Nb powders was carried out at
30 kbar, followed by annealing for 12 hours at 1000 °C.
Afterward, Ti-20 wt pct Nb was homogenized for 1 hour
at 1100 °C, and Ti-40 wt pct Nb was homogenized for 1
hour at 1300 °C. The microstructure and phase stability
were studied by X-ray diffraction (Cu Ke radiation); opti-
cal microscopy; scanning electron microscopy (SEM), using
a JEOL* JSM-5600; and transmission electron microscopy

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

(TEM), using a FasTEM JEOL 2010. For optical microscopy
and SEM studies, polished specimens were slightly etched
with a 2 HF:1 HNO;:17 H,0 solution.

For TEM, the specimens were thinned by ion polishing
(Gatan-pips 691) as well as by electrochemical polishing in
a solution of perchloric acid, n-butanol, and methanol
(1:6:10). Two preparation methods were used to exclude
phase transformation due to preparation effects.

After grinding, the investigated Ti-Nb alloys were
electrolytically charged with hydrogen in a 2:1 glycer-
ine—-phosphoric acid electrolyte at 25 °C and a current den-
sity of i = 500 A/m? The hydrogen content was measured
by a LECO* apparatus.

*LECO is a trademark of LECO Corporation, St. Joseph, MI.

Deuterium desorption of hydrogenated Ti-Nb was mea-
sured by thermal desorption spectroscopy (TDS) with a heat-
ing rate of 5 K/min. The TDS technique is a very sensitive
one for studying trapping!'>'**5! and diffusion processes!'®!
in, for example, crystalline materials. The technique involves
measurements of the desorption rate of hydrogen or deu-
terium, soluted or trapped in the material, while heating the
sample. Further experimental details are given elsewhere.[!%)
The influence of hydrogen on the microhardness of the Ti-Nb
alloys was investigated at room temperature using a Mat-
suzaura MHT-1 microhardness tester. For microhardness
measurements, the specimens were mounted in epoxy and
polished metallographically (up to 0.05 pum).

III. RESULTS

A. Effect of Hydrogen on Microstructure and Phase
Transformations

Figure 1 shows the hydrogen content of Ti-Nb alloys after
charging at high fugacities. The hydrogen storage capacity
was found to be higher and the kinetics to be faster for
sintered Ti-40 wt pct Nb and commercial Ti-45 wt pct Nb
than for sintered Ti-20 wt pct Nb during hydrogenation at
500 A/ m? for up to 72 hours. -

Microstructural investigations, i.e., optical microscopy,
SEM, and TEM (Figure 3(a)) of sintered Ti-20 wt pct Nb
showed a martensitic structure with some long, relatively
thick primary martensite plates and a large number of sec-
ondary plates. It was reported!!”! that the volume fraction
of martensite in Ti-Nb alloys depends on the niobium con-
centration as well as the interstitial content. While the size
and volume fraction of the large plates decreased with
increasing niobium content, the higher-interstitial-content
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Fig. 1—Hydrogen content of Ti-Nb alloys after charging at high fugacities.
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Fig. 2—X-ray diffraction of Ti-20 wt pct Nb before and after hydrogena-
tion for 24 h at 500 A/m?.

alloys, at a constant niobium concentration, exhibited an
increased volume fraction of martensite plates.

Extensive examination of phase equilibria in Ti-Nb alloys
have shown that the « (hcp) and B (bcc) are the low-
temperature stable phases. Quenching the B phase from
elevated temperatures can result in the formation of
two metastable martensite structures, a’ (hexagonal) and
o (orthorhombic).!"®! The o' is observed in alloys contain-
ing less than 13 wt pct niobium, whereas alloys containing
more than a 13 wt pct niobium content transform into
o/’ martensite.'”) It might be that the o phase can be seen
as a transitional phase between the o' hexagonal structure
and the B bee structure.A comparison!!”) of microstructure
studies involving alloys of compositions between 25 and 50
wt pet niobium indicates that, in addition to the composition,
changes in either the cooling rate or total interstitial content
can also result in different microstructures. The X-ray
diffraction of the investigated Ti-20 wt pct Nb (Figure 2)

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 3—Influence of hydrogenation on the microstructure of Ti-20 wt pct Nb: (a) TEM of the sintered alloy, (b) corresponding electron diffraction pattern
of the orthorhombic " phase, (¢} TEM of the hydrogenated alloy (500 A/m?, 24 h), (d) the o matrix and (Ti,Nb)H,, and (e) index scheme of the electron

diffraction of «" matrix (O) and (Ti,NbYH (@).

indicated that the martensitic phase can be indexed with the
hep « phase (@ = 0.295 nm and ¢ = 0.468 nm) or the
orthorhombic «” phase (¢ = 0.299 nm, & = 0.509 nm, and ¢
= (0.468 nm) and the bcc B phase (@ = 0.331 nin). The broad-
ening of the X-ray diffraction peaks can be attributed to high-
stress fields. The TEM diffraction (Figure 3(b)) confirmed
the formation of the orthorhombic «” phase with the lattice
parameters a = 0.299 nm, ¥ = 0.509 nm, and ¢ = 0.468 nm.

The X-ray diffraction (Figure 2) of sintered Ti-20 wt pct
Nb, consisting of the " and the bce B phase hydrogenated
for 24 hours at high fugacities, revealed the formation of
(Ti,Nb)H,. The intensities of the X-ray peaks of the 8 phase
are much higher and less diffuse after electrochemical hydro-
genation than before charging. The X-ray diffraction also
indicated that the lattice parameter of the retained S phase
increases during hydrogenation. This behavior can be
explained by the expansion of the lattice due to the dissolved
hydrogen atoms which randomly occupied the interstitial
sites of the bce unit cell and is consistent with the high
solubility of hydrogen in the 8 phase.

The TEM investigations (Figure 3) of Ti-20 wt pct Nb
after cathodic hydrogen charging revealed the precipitation
of (Ti,Nb)H,, thus leading to an «” + B + (Ti,Nb)H,
microstructure. Electron diffraction (Figure 3(d)) obtained
from the parallel hydride plates revealed an orthorhombic
hydride (Figure 3(e)) with lattice constants close to
a = 0.434 nm, b = 0.418 nm, and ¢ = 0.402 nm.

The X-ray as well as electron diffraction (Figure 4(b)) of
sintered Ti-40 wt pct Nb exhibited a bee phase with a lattice
parameter of @ = (.331 nm. In addition, some diffuse spots

METALLURGICAL AND MATERIALS TRANSACTIONS A

were observed by electron diffraction, which correspond to
the hexagonal w phase.

Until now, the formation of two types of w phase has been
reported in binary titanium and zircon bcc solid solutions:2%
the as-quenched or athermal w phase, which is formed dur-
ing quenching from the B-transus temperature, and the aged
or isothermal  phase, which is formed during aging at tem-
peratures between 200 °C and 400 °C of specimens which
have been quenched and contain athermal w phase or the
bee phase. Further X-ray and electron diffraction studies
reveal that the w phase gives sharp reflections at low solute
contents, but diffuse reflections at high solute contents.[*"]
The electron diffraction for the investigated Ti-40 wt pct Nb
alloy (Figure 4(b)) showed a diffuse w phase, which occurs
in alloys with high Nb contents.

The storage capacity of Ti-40 wt pct Nb after hydrogena-
tion at 500 A/ m? for 24 hours was found to be about 3000 ppm.
Hydrogenation led to a shift to lower diffraction angles and
higher intensities in the X-ray diffraction and to an increase
of the lattice constant after charging at 500 A/ m? for up to
24 hours. The influence of hydrogen on the phase stability of
sintered Ti-40 wt pct Nb was observed to be very similar to
commercial Ti-45 wt pct Nb, which will be explained in detail
subsequently.

Optical microscopy as well as SEM studies of the cross
section of commercial Ti-45 wt pct Nb rods revealed a “Van
Gogh’s sky” contrast, which is known, e.g., for B2
aluminides obtained by extrusion.?") Microstructural inves-,
tigations of Ti-45 wt pct Nb by X-ray (Figure 5) and electron
diffraction (Figure 6(b)) revealed the existence of the bce

VOLUME 34A, OCTOBER 2003—2201
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Fig. 4—Microstructure of Ti-40 wt pct Nb: (a) TEM bright-ficld image and (b) corresponding electron diffraction pattern of the bce 8 phase and the

w hexagonal phase.
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Fig. 5~—X-ray diffraction and corresponding change of the lattice parameter of the 8 phase after hydrogenation.

B phase (¢ = 0.331 nm). In addition, electron diffraction
exhibits some diffuse spots corresponding to the diffuse
hexagonal  phase. The indexed pattern (Figure 6 (c)) reveals
the following orientation relationship to the parent 8 phase:
[110]; parallel [1120],,.

The hydrogen content in Ti-45 wt pct Nb after hydrogena-
tion at 500 A/m? for 24 hours was found to be the same as
for Ti-40 wt pct Nb. Cathodic charging led to a shift to lower
angles and higher intensities in the X-ray diffraction (Figure 5),
i.e., an increase of the lattice constant of about 1 pct. After
longer charging, no further increase of the lattice constant
occurred, but the formation of (Ti,Nb)H, (¢ = 0.434 nm,
b = 0.48 nm, and ¢ = 0.402 nm) was observed.

Optical microscopy and SEM studies revealed no change
in the microstructure after cathodic charging. Figures 6(d) and
(e) show TEM micrographs of Ti-45 wt pct Nb after hydro-
genation up to 2500 ppm at 500 A/ m?* for 12 hours; no evi-
dence for the existence of the phase was found. Although
therc are very few studies®” that attempted to explain the

2202-~-VOLUME 34A, OCTOBER 2003

occurrence and stability of the w phase, the results suggest
that hydrogen affects the stability of this phase and leads to the
dissolution of the metastable hexagonal phase. The TEM stud-
ies of Ti-45 wt pct Nb after hydrogenation up to 3000 ppm
(500 A/ m? for 24 hours), shown in Figures 6(f) and (g), con-
firms the formation of an orthorhombic (Ti,Nb)H,.

B. Effect of Hydrogenation and Deformation
on Thermal Desorption

Thermal desorption analysis of Ti-Nb (20 to 45 wt pct Nb)
alloys (Figure 7) showed that desorption of deuterium in these
alloys is affected by the niobium content, which influences
the phases that are formed. The desorption temperature
increases with the niobium content and reaches almost
the same peak temperature and half-width for sintered
Ti-40 wt pct Nb in comparison to extruded Ti-45 wt pct Nb.

The first thermal-desorption-analysis experiments of sintered
Ti-20 wt pct Nb (Figure 8(a)) and Ti-40 pet Nb (Figure 8(b))

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—Influence of hydrogenation on the microstructure of Ti-45 wt pct Nb: (a) TEM of the extruded alloy, (b) corresponding electron diffraction pattern
of the bee B phase and the hexagonal w phase, (¢) index scheme of the electron diffraction of bee 8 phase (O) and the hexagonal w phase (@), (d) TEM
of the hydrogenated alloy up to 2500 ppm (500 A/m*for 12 h), (¢) corresponding electron diffraction pattern of bee 8 phase, (f) electron diffraction pattern
of bee B phase and (Ti,Nb)H, after charging up to 3000 ppm (500 A/m? for 24 h), (g) index scheme of the electron diffraction of bee B phase (O) and the

orthorhombic (Ti,Nb)H, phase (®).

on the influence of deformation showed an increase of the
peak temperature after 20 and 40 pct deformation by cold
rolling prior to hydrogenation up to 3000 ppm deuterium, as
well as a change of the half-width to lower values.

The desorption of deuterium occurred for Ti-20 wt pct Nb
after charging and 20 pct deformation at a higher peak
temperature and broader temperature range between 360 °C
and 550 °C than for undeformed Ti-20 wt pct Nb after hydro-
genation. For Ti-40 wt pct Nb, the temperature range for

METALLURGICAL AND MATERIALS TRANSACTIONS A

desorption of deuterium seems to be independent of a certain
extent of deformation. Further, it was observed that desorp-
tion starts at the same temperature of about 360 °C for these
two Ti-Nb alloys.

Figure 9 shows the thermal-desorption analysis of extruc}ed
Ti-45 wt pet Nb after hydrogenation with deuterium at high
fugacities and 20 pct deformation by cold rolling. It was
observed that the deformation after hydrogenation decreases
the peak temperature as well as the peak intensity.

2203
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Fig. 7—Thermal desorption analysis (5 K/min) of Ti-Nb (20 to 45 wt pet
Nb) after hydrogenation.

10.0
Ti-20wt.%Nb
= — 40% cold-rolling
§7.o et
'Y }[ 20% cold-rolling
= 5.0 1 ] 33\00ppm
2
4
520 | 0%coldrolling
3000ppm ~
0 . .
250 300 350 400 450 500 550
Temperature [°C]
(@
g Fryrwrrey 40% cold-rolli
3000ppm

"Bl 4.5 20% cold-rolling
g 3000ppm
b
— 3 0_
£ 0% cold-rolling
g 3000ppm
g 1.5

0 A . '
250 300 350 400 450 500 @ 550
' Temperature [°C]

()

Fig. 8—Thermal desorption analysis (5 K/min) of (a) Ti-20 wt pct Nb and
(b) Ti-40 wt pct Nb hydrogenated after deformation.

C. Effect of Hydrogenation on Microhardness

Figure 10 shows the influence of hydrogenation on the
microhardness of sintered Ti-20 wt pct Nb, Ti-40 wt pct Nb,
and extruded Ti-45 wt pct Nb. It is known!?*!7) that the
microhardness is strongly influenced by the methods used in
the production of the alloy, the niobium content, as well as

2204--VOLUME 34A, OCTOBER 2003
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Fig. 10—Influence of hydrogenation on the microhardness of sintered Ti-20
wt pct Nb, Ti-40 wt pet Nb, and extruded Ti-45 wt pet Nb.

the precipitation of metastable  and w phases. Precipitation
of the w phase, deformation, or alloying with interstitials
(for example, hydrogen) is often accompanied by an increase
in the hardness.

The microhardness of sintered Ti-20 wt pct Nb was
observed to be about 270 HV; that of sintered Ti-40 wt pct
Nb was about 240 HV, and that of extruded Ti-45 wt pct Nb
was about 170 HV. Popov et al.??! reported a microhardness
of about 160 HV for quenched Ti-45 wt pct Nb, and this result
fits very well with the examined alloy. However, the micro-
hardnesses of the sintered Ti-Nb alloys (20 to 45 wt pct Nb)
used in this investigation differ significantly from the reported
values. These differences between our experimentally derived
values and those found in literature are likely due to the
different fabrication processes.

The microhardness of sintered Ti-20 wt pct Nb decreased
significantly in response to hydrogenation for 24 hours at
high fugacities (Figure 10), whereas the microhardness shows
only minor changes after hydrogenation of sintered Ti-40
wt pct Nb as well as of extruded Ti-45 wt pct Nb.

IV. DISCUSSION

Hydrogen capacity is mainly influenced by the chemical
interactions between metal and hydrogen atoms as well as

METALLURGICAL AND MATERIALS TRANSACTIONS A
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the number, type, and size of the interstitial sites in the mater-
jal. The affinity of titanium to hydrogen, the processes of
formation and recombination at the electrode, and the fol-
lowing diffusion of hydrogen into the material are the main
factors which influence the absorption kinetic. The less-
densely packed bee phase in Ti-Nb (40 and 45 wt pct Nb)
allows faster hydrogen diffusion in the investigated 8 phase
in comparison to the orthorhombic «” phase in the Ti-20
wt pct Nb alloy, even despite the very high affinity of Ti to
hydrogen. The faster hydrogen diffusion can explain also
the higher hydrogen content after 72 hours for sintered
Ti-40 wt pct Nb and extruded Ti-45 wt pct Nb.

Ti-20 wt pet Nb after cathodic hydrogen charging revealed
a precipitation reaction which leads to the transformation of
o' + Binto o' + B + (Ti,Nb)H,. Because of the lower sol-
ubility limit of hydrogen in the hep a phase,'”) hydride plates
were more likely to precipitate within the o' grains. These
packets of parallel hydrides within the primary o grains
resulted from the supersaturation in hydrogen, which diffused
into the o’ grains and segregated at the habit planes. In com-
parison to the observations for hydrogenated Ti-20 wt pct Nb,
the precipitation of nanocrystalline (Ti,Nb)H, was found in
Ti-Nb (40 and 45 wt pct Nb).

During hydrogenation, the microhardness might be
changed by the interstitial content and microstructural
changes, e.g., phase transformations as well as precipitation.
The addition of interstitials (e.g., hydrogen) to a Ti-Nb alloy
should lead to an increase in hardness. The precipitation of
relatively large hydrides should not change the microhard-
ness significantly. However, the microhardness of sintered
Ti-20 wt pct Nb decreased significantly in response to hydro-
genation for 24 hours at high fugacities. As described ear-
lier, cathodic hydrogen charging causes the precipitation
reaction of (Ti,Nb)H, in consumption of «/'in the &’ and B
microstructure. Since the o phase exhibits a higher hard-
ness than the B phase, such a reaction will lead to soften-
ing due to an increased ratio of o'/f. '

For hydrogenated sintered Ti-40 wt pct Nb as well as
extruded Ti-45 wt pct Nb, the microhardness measurements
show only minor changes with the hydrogen content. It might
be that the minor change of the microhardness in Ti-45 wt
pct Nb is due to a partial superimposition of the destabil-
ization of the w phase causing a softening of the 8 phase
during hydrogen charging and an increase in hardness due
to the interstitial hydrogen in the 8 phase.

The TDS tests were done in order to analyze the influ-
ence of the microstructure on hydrogen desorption and, in
detail, the influence of the phases present, depending on the
niobium content and the influence of deformation either or
after hydrogenation.

The desorption of deuterium is influenced by the
microstructure as well as the depth of trapping sites. Des-
orption of deuterium in Ti-Nb (20 to 45 wt pct Nb) proceeds
with increasing niobium content at higher temperatures. It
seems reasonable that the present phases are the dominant
factors for the different desorption behaviors, since the for-
mation of the orthorhombic o phase in Ti-20 wt pct Nb as
well as the formation of the bec 3 phase in Ti-Nb (40 and
45 wt pct Nb) strongly depend on the niobium content and
the cooling rate. To the authors’ knowledge, thermodynamic
data on the stability of these phases are not available. It also
has to be considered that the formation of a hydride already

METALLURGICAL AND MATERIALS TRANSACTIONS A

at a deuterium content of 3000 ppm for all investigated alloys
was observed; (Ti,Nb)H, precipitates as parallel plates in the
o’ phase, but as nanocrystalline particles in the bee phase.

As already mentioned, the less-densely packed bec phase
allows faster diffusion of hydrogen or deuterium in com-
parison to the orthorhombic o phase; this behavior would
explain the narrower half-width for Ti-Nb with 40 as well
as 45 wt pct niobium. Since in both phases no channeling
of deuterium was observed until now, this parameter will
not cause a difference in the desorption behavior. In addi-
tion, a localized decomposition of hydride plates necessary
in Ti-20 wt pct Nb could result in larger diffusion distances
and, therefore, a longer desorption time for deuterium and
a broader desorption peak than in the bee Ti-Nb alloy with
nanosized particles.

The lower peak temperature of sintered Ti-20 wt pct Nb
might also be explained by a higher porosity and/or voids
in the alloy due to the fabrication process. The similar des-
orption behavior of sintered Ti-40 wt pct Nb and extruded
Ti-45 wt pct Nb, on the other hand, indicates a very simi-
lar and dense material. The SEM investigations of the sin-
tered Ti-20 wt pct Nb and Ti-40 wt pct Nb confirmed this
assumption.

The influence of a higher dislocation density on deu-
terium desorption was studied after deformation prior to deu-
terium charging. Investigations of sintered Ti-20 wt pct Nb
and Ti-40 wt pct Nb showed an increased desorption tem-
perature, thus indicating a change of the trapping sites and
transport mechanism of hydrogen in the deformed microstruc-
ture (20 pct cold rolled) to higher trapping-energy values
due to the deformation and/or deuterium segregation at dis-
location cores.

In Ti-20 wt pct Nb, however, a further increase of the
deformation rate by cold rolling from 20 to 40 pct did not
result in a further increase of the desorption temperature, but
a significant decrease. This surprising behavior is not under-
stood at the moment. There might be microstructural changes
due to the deformation. Or, one might assume that the higher
dislocation density hinders any hydride formation, thus lead-
ing to a significant change in the mode of hydrogen storage.

Deuterium charging followed by deformation of extruded
Ti-45 wt pct Nb Jeads to a reduced desorption temperature.
One has to compare this behavior with the opposite shift
observed in sintered Ti-40 wt pct Nb after 20 pct deforma-
tion prior to charging. The first X-ray and TEM investiga-
tions of Ti-45 wt pct Nb showed that the same phases are
present, in the hydrogenated as well as in the hydrogenated
and deformed alloy.

As already mentioned, deformation prior to deuterium
charging will lead to a stronger interaction between defects,
in particular, dislocation and the hydrogen. Defects gener-
ated in an already hydrogenated alloy do not exhibit this
behavior. It is known that hydrogenation of 8 itanjum>
prior to deformation leads to an increased percentage of
screw dislocations, thus leading to a lower desorption tem-
perature due to the reduced trapping energy.

Further experiments and detailed microscopic investiga-
tions should provide a better knowledge of the interaction
between titanium and hydrogen as well as between hydro-
gen and dislocations in the different microstructures available .
in Ti-Nb alloys, thus leading to an improved understanding
of the use of hydrogen as a temporary alloying element.
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V. CONCLUSIONS

The studies of sintered Ti-20 wt pct Nb and Ti-40 wt pct
Nb, as well as of commercial Ti-45 wt pct Nb, showed a
strong influence of hydrogen at high fugacities on the phase
stability and microhardness as well as on the thermal des-
orption of the hydrogenated Ti-Nb alloys which were
deformed before or after deuterium charging.

It was observed that hydrogenation of Ti-20 wt pct Nb
led to the transformation of o + B into " + B (Ti,Nb)H,.
The intensities of the X-ray peaks of the bce phase are much
higher and less diffuse after electrochemical hydrogenation
than before. It was assumed that because of the lower solu-
bility limit of hydrogen in the « phase, hydride plates were
more likely to precipitate within the o' grains.

The microhardness of sintered Ti-20 wt pct Nb decreased
significantly during hydrogenation at high fugacities. The
observed softening might occur due to a change in the o'/
ratio during the precipitation of (Ti,Nb)H,, as mentioned
previously.

Microstructural investigations of Ti-40 wt pct Nb and
Ti-45 wt pct Nb alloys reveal the bec 8 phase as well as the
diffuse w phase. Cathodic hydrogen charging leads to
stabilization of the bcc phase, but to destabilization of the
hep w phase. An expansion of the lattice constant of the
B phase and the formation of (Ti,Nb)H, could be observed
in Ti-45 wt pct Nb.

The microhardness showed only a minor change after
hydrogenation for Ti-40 wt pct Nb and for Ti-45 wt pct Nb
alloys. It is assumed that the minor decrease of the micro-
hard-ness in Ti-45 wt pct Nb is due to the destabilization
of the w phase during hydrogen charging and the following
increase due to the precipitation of (Ti,Nb)H,.

Thermal desorption analysis showed that desorption of
deuterium in Ti-Nb (20 to 45 wt pct Nb) is influenced by
the niobium content, more probably by the phases present.
The desorption temperature increases with the niobium
content.

Deformation prior to deuterium charging led to an
increased desorption temperature. One explanation for this
influence could be that trapping sites formed during the
deformation have a stronger affinity for deuterium and/or
deuterium segregates at dislocation cores.

Deuterium charging followed by deformation of
Ti-45 wt pct Nb, however, leads to a reduced desorption
temperature, probably due to an increased amount of screw
dislocations generated during the deformation of the hydro-
genated S phase.
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